A simple capillary enzymatic biosensor was developed. This was prepared by simply coating a dissolvable membrane containing enzyme/s on the inner wall of a square glass capillary. An easy measurement was carried out by capillary force sample introduction with concurrent enzyme release and a reaction with a certain substrate. Enzyme-release capillary (ERC) biosensors showed long-term storage stability of at least two weeks for a β-galactoside derivative and glucose. Moreover, this could be integrated on a capillary-assembled microchip (CAs-CHIP) to broaden its multiple analyte sensing potential for clinical diagnostic applications.
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introduction
Over the years, different enzyme immobilization techniques for biosensor applications have been developed, like chemical or physical attachment within or onto a membrane, a thin layer/film, a Langmuir-Blodgett film, a xerogel/sol-gel material, a hydrogel and microparticles. 1 All of these immobilization strategies certainly have advantages for particular applications. Furthermore, these strategies can be miniaturized and integrated on a microfluidic device. Conversely, most preparations are generally troublesome, and the process involves an alteration of the enzyme's native structure. It is therefore necessary to develop a simple immobilization technique while considering the biosensor long-term stability and response to analyte concentrations.
On the other hand, the integration of different biosensors on a single microfluidic device is one of the important directions in the field of micro total analysis systems (μTAS) or labs-on-achip.
2 dNA and protein microchips are typical microdevices for multiple analyte sensing. 3 However, to understand a certain biological reaction pathway, multiple analyte sensing of different species, such as dNA, proteins, ions and small molecules, like metabolites, is an indispensable endeavor. The current dNA or protein chip technologies cannot achieve this diversity, since the analytical procedure for each analyte is different from each other. In contrast, the capillary-assembled microchip (CAs-CHIP) developed by our group has the capability to simultaneously measure different analytes by integrating various capillary biosensors.
CAs-CHIP is fabricated by embedding chemically-modified square glass capillaries on a poly(dimethysiloxane) (PdMS) lattice microchannel whose dimensions are similar to the outer dimensions of the square capillary (~300 μm). This allows us to conveniently integrate different chemistries inside a single microfluidic device. 4 Previously, we demonstrated combinations of capillary microvalves and biosensors, 5 and different biosensors with various sensing mechanisms on a single microfluidic device. 6 In the latter, we performed multiple analyte sensing on a CAs-CHIP by using ion and enzyme activity sensing reagent-release capillaries (RRC) 7 in combination with a fluid-handling technique, called "drop-and-sip". With this development, we demonstrated a simple and easy-to-use microfluidic device that can analyze various biochemical species in a microliter volume of the sample solution. However, the current RRC limits the sensing capability of the CAs-CHIP, since only synthetic molecular probes are immobilized inside the capillary. Thus, the development of a different capillary biosensor, like a biomolecule-immobilized capillary, is needed to potentially enhance the biosensing diversity of the CAs-CHIP.
At this point, we used the concept of RRC to circumvent the problem of meticulous enzyme immobilization by simple non-covalent immobilization of enzyme/s inside a square glass capillary. Here, we developed an enzyme release capillary (ERC) biosensor (Fig. 1) . The development of this ERC biosensor not only may enhance the throughput, in terms of increasing the type of analytes being detected on a CAs-CHIP, but also provide a simple biosensing tool to be used by researchers in the life-science fields.
Notes experimental

Square capillaries and reagents
Square capillaries having 300-μm outer widths (flat to flat) and 100-μm inner widths were purchased from Polymicro (Phoenix, AZ). The polyimide coating of these capillaries was removed by heating before use. Reagents of the highest grade commercially available were used to prepare the buffers. Poly(ethylene glycol) (PEG: Mn = 20000), glucose and thiamine hydrochloride were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). The β-galactosidase (Gal), glucose oxidase (GOx), horseradish peroxidase (HRP) enzymes and fluorescein-di-β-d-galactopyranoside (FdG) were all acquired from Sigma (St. Louis, MO). All reagents were used without further purification. The deionized distilled water used had resistivity values of more than 1.7 × 10
7 Ω cm -1 at 25 C.
Preparation of an enzyme-release capillary
A β-galactosidase (Gal)-immobilized capillary was prepared for evaluating storage stability over a period of time. Moreover, co-immobilization of GOx, HRP and thiamine, as an optical transducer, was also prepared for glucose measurement demonstration and a stability test. For a Gal-immobilized capillary, a cocktail was prepared by dissolving Gal (10 mg) and PEG (700 mg) in 1 mL of a 50 mM Tris-HCl buffer (pH 7.4). It was pumped into a bare square glass capillary (internal dimension, 100 μm (flat-to-flat)) using a syringe pump whose infusion flow rate was 20 μl/min and air was introduced with a withdrawal flow rate of 30 μl/min. To prepare GOx-HRP-thiamine-immobilized capillary, an enzyme mixture was prepared by dissolving 10 mg of both GOx and HRP, 20 mg of neutralized thiamine and 700 mg of PEG in 1 mL of 50 mM Tris-HCl buffer (pH 7.4). The ERC was prepared in the same manner as the Gal-immobilized capillary.
Characterization of enzyme-release capillary
In all cases, about 1.0 cm of ERC was cut from a 21-cm long prepared ERC. Then, one end of the capillary was dipped in a microdroplet sample solution.
Fluorescent images were collected using a fluorescence microscope system equipped with a CCd camera, a 120-W mercury lamp as a light source and a filter pair (excitation filter at 387/28 nm, emission filter at 430 nm) (VB-S20, Keyence, Japan). Bitmap fluorescence images were converted to numerical response using Scion Image software in the line scan mode. Then, the difference in the fluorescence intensity (ΔF) was obtained by subtracting the background fluorescence intensity from the signal fluorescence intensity. For a storage stability investigation, about 0.2 mM FdG and 100 μM glucose were used to monitor the viability of a Gal-immobilized capillary (incubation time of 5 min) and a GOx-HRP-thiamine-immobilized capillary (incubation time of 20 min), respectively. These biosensor capillaries were stored (freezer, -18 C) and sampled for almost two weeks. On the other hand, ERC was also tested for its fluorescence response to various glucose concentrations (5, 10, 25, 50 and 100 μM). Figure 1 depicts the basic concept of ERC. The enzyme/s (and fluorescent probe) were adsorbed on the wall of the capillary with the aid of polyethylene glycol (PEG 20000), acting as a scaffold. This is clearly shown in the top and cross-sectional view photos of the ERC (Fig. 1A) . It is important to note that the hydrophilic polymer PEG was chosen because of its biocompatibility. 8 Since the sample solution enters via capillary force, this suggests that no external pump is required to introduce the sample into the ERC. This also implies instantaneous enzyme release and an enzyme reaction inside the ERC. Figure 1B illustrates a reaction between fluorescein-di-β-dgalactopyranoside, a model analyte, and the released enzyme, resulting in a green fluorescence response due to the formation of a fluorescein product. On the other hand, GOx transforms the glucose in the presence of oxygen into gluconic acid and hydrogen peroxide. Then, HRP facilitates the oxidation of thiamine to a blue fluorescent molecule, thiochrome, with the aid of hydrogen peroxide (Fig. 1C) . It is important to emphasize that the Gal and GOx-HRP capillary biosensor systems were used as model systems to demonstrate the new and simple enzyme release technique in application to an enzymatic biosensor.
results and Discussion
To test the analytical performance of the ERC for glucose sensing, the formation of blue fluorescent thiochrome molecules was monitored for various glucose concentrations of 0, 5, 10, 25, 50 and 100 μM. It is important to note that neutralized thiamine was used instead of the readily available thiamine hydrochloride, because its acidic nature resulted in a long incubation time of about 40 min (data not shown). Using neutralized thiamine, the ERC registered an incubation time of around 10 min ( Fig. 2A) . Expectedly, as the glucose concentration increases the fluorescence response also increases. The working concentration of this ERC is between 5 -40 μM glucose (Fig. 2B) with an estimated detection limit of 1 μM glucose. The dynamic range is limited by the decrease in the enzyme activity with increasing glucose concentration. This is clearly shown in Fig. 2A by a decline in the initial slope between 50 and 100 μM glucose. This is most likely caused by the interaction of hydrogen peroxide on the glucose oxidase. 9 This means that an increase in the amount of glucose in the sample solution probably leads to a surge of hydrogen peroxide, which may cause a possible hydrogen peroxide interference with glucose oxidase activity. On the contrary, this also suggests that it is possible to regulate the production of hydrogen peroxide by lowering the concentration of the immobilized glucose oxidase, which in turn may result to a better ERC dynamic range. Overall, it is apparent that the simple enzyme release technique was successfully demonstrated, wherein multiple enzyme immobilization is possible to detect for potential metabolite sensing applications.
Another important parameter to consider with this biosensor is the enzyme stability inside the glass capillary. As shown in Fig. 3 , the fluorescence response of the Gal-immobilized capillary was almost similar for the span of two weeks, and the coefficient of variation of the 3 ERCs per sampling day was between 1.6 -3.9%. This outcome may suggest that there is no significant loss of galactosidase activity for a period of about two weeks, and that a precise measurement is possible, since an almost uniform distribution of enzyme inside the ERC could be achieved.
Moreover, the GOx-HRP-thiamine-immobilized capillary also behaved in a similar pattern as the Gal-immobilized capillary, and showed stability for at least two weeks. These results reveal the practical usefulness of ERC for possible applications in life-science research.
Conclusions
In conclusion, we have developed a novel and facile enzyme-release capillary as an enzymatic biosensor. The concept of ERC can be used as an analytical tool to monitor various analytes, not only glucose, since it is a stable biosensor and is sensitive to changes in the analyte concentration. The integration of such a capillary biosensor on a CAs-CHIP along with the ion and enzyme activity-sensing capillary may boost its throughput capability, in terms of simultaneous analysis of unrelated analytes. This kind of microanalytical tool may be of great help in clinical diagnostics, drug discovery applications and understanding certain biological reaction pathways. 
